This investigation focused on plankton inhabiting fishponds, which previously received mine waters from the lead-zinc mine 'Matylda', located in southern Poland (Upper Silesia). The purpose of the investigation was to study the effects of chronic and persistent contamination of fishpond bottom sediments with heavy metals originated from the lead and zinc mine. The phytoand zooplankton in the four fishponds were dominated by diatoms, green algae and rotifers. Plankton composition of the reference non-contaminated pond was different, since Chrysophytes dominated, and Copepoda were the most numerous among zooplankton. In the contaminated fishponds, we observed teratological forms, both for phyto-and zooplankton species, but only as individuals. Our results showed that planktonic communities had adapted to chronic and persistent heavy metal contamination.
INTRODUCTION
The anthropogenic contamination of freshwaters and their sediment with heavy metals has an impact on aquatic communities worldwide (e.g. PawlikSkowrońska 2001, Balistrieri et al. 2007 , Wołowski et al. 2008 , Smolyakov et al. 2010a . Ore mining and processing have been recognized as the largest source of contamination of heavy metals in receiving waters and sediments, often exceeding a thousand times the local geochemical background (Förstner, Wittman 1983) . In Poland, formerly one of the largest zinc producers in Europe, several lead and zinc ore mines and associated processing plants have been closed recently, or production is scheduled to finish soon due to depletion of ore. The mines have been documented as the principal sources of Cd, Pb and Zn, which have been discharged into river systems with enormous amounts of mine runoff from an exploited water-abundant karst aquifer. The lead and zinc ore mining and processing have resulted in contamination of river channel sediments with cadmium, lead and zinc, up to about 3000 mg kg -1 , 30% and 20%, respectively (Ciszewski 1998 , Ciszewski 2004 . Moreover, overbank sediments deposited for over 100 years as a result of mining, are continuously eroded and leached with flood waters, which contribute to high alluvial sediment and water contamination (Ciszewski et al. 2008; AleksanderKwaterczak, Helios-Rybicka 2009) .
Numerous studies have indicated that algae may tolerate high concentrations of heavy metals (e.g. Shubert et al. 2001) . However, on the other hand, heavy metals at low concentrations may also affect many algae and zooplankton organisms by changing their biomass, species richness, and structure of their relationships by shifting towards the dominance of less sensitive species. Moreover, metals in aquatic ecosystems may be adsorbed onto cell walls and assimilated by aquatic microorganisms leading to disturbance of ion balance, liquid intracellular transport, degradation of photosynthetic pigments, oxidation stress and may eventually lead to teratogenic forms of organisms (Pawlik-Skowrońska 2002a , Dziengo-Czaja et al. 2008 .
Despite numerous studies on the toxicological effects on aquatic microorganisms contaminated with heavy metals, which were based mainly on short-term microcosm experiments (Paulsson et al. 2000 , Clement et al. 2004 , studies on the long-term effects of sediment contamination with heavy metals on freshwater species are scarce with only a few studies related to freshwaters affected by lead and zinc mining runoff (Besser et al. 2007 , Morin et al. 2008 . With a general lack of documentation of streams and ponds with highly contaminated sediments due to past mining activity, it is difficult to estimate the actual role of the sediments as a contaminant source and predict the long-term potential and real effects on aquatic microorganisms and the functioning of whole communities. Further, this makes it impossible to mitigate the negative effects of chronic and persistent heavy metal contamination.
The present investigation focused on the phytoand zooplankton of fishponds, which previously received mine waters containing Pb and Zn from the mine 'Matylda' in southern Poland. The research aimed to study the long-term effects of heavy metal contamination of fishpond bottom sediment on planktonic organisms. The study focused on the structure and dynamics of plankton communities. It was hypothesized that there would be a decrease in the phyto-and zooplankton populations and the diversity due to heavy metal contamination, with the dominance of less sensitive species and the presence of teratological forms of algae and plankton animals.
STUDY AREA
The Matylda Stream drains a small catchment of a dozen or so square kilometers in Upper Silesia, southern Poland. The Matylda mine was established in the upper section of the catchment area in 1850 and it operated until 1973 when it was closed due to depletion of metal ores. A large inflow of water interrupted the mining operations several times. In 1926, the mine was expanded and the Matylda Stream was channelized. The amount of mine waters pumped from the mine ranged from 0.2 to 1 m 3 sec -1 . Waters were discharged into the new channel and delivered to several fishponds constructed in the upper and middle sections of the Matylda catchment area. After closure of the mine in the 1930s, the production was started again in 1953. The depth of the mine reached over 100 meters. The production of 100-140,000 tons per year of lead and zinc ores was two times higher than before 1939 and several times higher than in the 19 th century (Szuwarzyński 2000) . Since the depletion of ores and the mine closure in 1973, the Matylda Stream drains the catchment area naturally.
Fishponds in the middle reaches of the Matylda catchment area were constructed in a cascade of three ponds with the smallest upper pond (about 1 hectare MM), medium 5 ha (MS) and the largest, 18 hectare lower pond (MD) (Fig. 1) . Downstream, there are two ponds, each of about 4 hectares in area and one of those was investigated (MDo). All the ponds are supplied with both Matylda waters and with an ephemeral side stream. Upstream of the five ponds, there is an additional fishpond (MK) receiving the runoff periodically, solely from the small side stream but not from the Matylda Stream. All ponds are used for recreational angling and fish are introduced 2-3 times per year.
Earlier investigations of bottom sediments of the fishponds (MM, MS, MD, MDo) revealed extreme contamination with cadmium, lead and zinc as a result of accumulation during ore mining and entrapment of contaminated sediments eroded from the Matylda catchment area . The average content of cadmium for 6-12 samples taken from each pond supplied formerly with mine waters varied between 100-200 mg kg -1 . Average concentrations of zinc varied between 1.8 -3.7%, whereas the lead content was lower and varied between 5,000 and 8,500 mg kg -1 . The maximum concentrations were 800 mg kg -1 for cadmium, 14% for zinc and 3.5% for lead. Concentrations of the metals in the sediments of the fishpond receiving uncontaminated water from the side stream (MK) were much lower, and this fishpond is considered to be the reference site. Moreover, the sediments from this pond were dredged two years before sampling.
MATERIALS AND METHODS
Our investigation was focused on surface water sampling from the five fishponds including the reference pond. Water samples were taken monthly from two different sampling points of every pond from April to October 2009. We measured: pH, conductivity, Cl, NO3 -, PO4 -3 , NH4, Mg, Ca, Cd, Fe, Mn, Pb and Zn. pH and conductivity were measured in situ during sampling (CX-742, Elmetron). Water samples were filtered immediately before analysis through 0.45 μm filters. Inorganic anions (Cl -, NO3 -, PO -3 4, and Ca, Mg) were analyzed within 48 hours using Ion Chromatography (DIONEX 1000, IC25 Ion Chromatograph). Standard reference materials (Canadian waters Hamilton-20) were employed to determine accuracy of anion analyses.
Concentrations of Cd, Fe, Pb, Mn and Zn, in the water column were measured with an inductively coupled plasma-mass spectrometer (Perkin Elmer ELAN 6100) in the certified Hydrogeochemical Laboratory (AGH University, Krakow) according to the standard certified analytical quality control procedure (PN-EN ISO 17294-1:2007) .
Samples of phyto-and zooplankton were taken from the central point of each pond, representing the water column of mixed samples from different levels.
For taxonomic identification and quantitative analyses, samples of phyto-and zooplankton were collected using a 5-l Ruttner sampler. In the field, 30-liters of water samples (6 replicate, 5 l samples) were concentrated with a 10 µm plankton net for phytoplankton and a 50 µm plankton net for zooplankton. Samples of phytoplankton were immediately fixed with Lugol's solution, and 4% formalin was used to fix the zooplankton. For identification and counting of phytoplankton species, a modified chamber of 0.4 mm height and 22 mm diameter was used. All microscopic analyses of phytoplankton were done under a Zeiss Jenaval microscope. Quantitative analyses were conducted according to Lund et al. (1958) . Keys used for taxonomical identification of phytoplankton species, see e.g. Wilk-Woźniak (2009).
For identification and counting of zooplankton species, 5 replicate sub-samples were analyzed microscopically (×100 or ×200) in the chamber volume of 0.5 ml -1 . Taxonomic analyses of zooplankton (rotifer, copepod and cladoceran taxa) were conducted using the identification keys (see e.g. Pociecha et al. 2010) . Quantitative samples were prepared by filtering 30 l -1 of water and reducing the sample volume to 50 ml -1 .
Statistical analyses were performed using Statistica 8.0.
Results

Physicochemical parameters of pond water
The physicochemical parameters reflected individual characteristics of each pond (Table 1) . The highest average values and the highest variability of phosphates were observed in the reference pond (MK). The highest average values of conductivity, N-NO 3 , N-NH 4 , Cl, Ca, and Mg were recorded in the smallest pond (MM), but the highest average value of pH − in the largest pond (MD). The highest average concentration and variability of Mn in water was recorded in the reference pond (MK); the highest concentration of Fe was recorded in the fourth pond (MDo) and the highest concentration of the heavy metals (Cd, Pb, and Zn) in water was recorded in the smallest pond (MM). The highest variability of most heavy metals (Cd, Fe, Pb, Zn) was recorded in the largest pond (MD).
The Kruskal-Wallis test showed statistically significant differences between different ponds for conductivity, Ca, Mg, Cd and Pb in water ( Table 2) . The test did not show any statistically significant differences between ponds for concentrations of Fe, Mn, and Zn in water of the ponds.
Phyto-and zooplankton
The phytoplankton of fishponds was composed of different groups of algae. The highest average density of phytoplankton was observed in the small pond (MM), but the lowest density was in the big one (MD). The highest variability of phytoplankton density was recorded in the medium pond (MS) and the lowest variability was in MDo (Table 3) . The zooplankton was composed of three groups: Rotatoria, Cladocera and Copepoda. The highest average density of zooplankton was observed in the medium pond (MS), but the lowest was in the reference pond (MK). The highest variability of zooplankton density was observed in the smallest pond (MM), but the lowest variability was in the largest pond (MD) ( Table 3) .
Every pond differed in the composition of phytoplankton and the dominant groups. Diatoms dominated in ponds contaminated with Cd, Fe, Pb and Zn. In the reference pond (MK), however, which was contaminated with Mn, chrysophytes dominated (Table 4 ). In the smallest pond (MM), diatoms definitely dominated (75% of the total phytoplankton density). In the medium pond (MS), diatoms dominated but their contribution in the total density decreased to 50%, and the contribution of green algae increased from 8% in MM to 32% in MS. In ponds MD and MDo, the contribution of diatoms decreased continuously, 47% and 34% respectively, but the density of blue-green algae increased, 13% and 18% of the total phytoplankton density, respectively. In the reference pond (MK), chrysophytes dominated (38%), with a high contribution of euglenoids (16%) and dinophytes (7%). The density of zooplankton rotifers dominated in every pond. Only in the reference pond (MK) the contribution of rotifers (in the total density of zooplankton) was lower than 90%, but in the remaining ponds their contribution was always higher than 90%. The reference pond differed from the other ponds, since Copepoda had a higher contribution in zooplankton density compared to the other ponds, and reached 13% of the total density of zooplankton. In ponds with the highest concentration of heavy metals (MM and MS), the contribution of Copepoda in zooplankton density was very small. Cladocera were present in very small numbers (Table 4) .
The highest diversity of phytoplankton was recorded in the smallest pond (MM), but the lowest diversity was in the reference pond (MK). The highest diversity of zooplankton was found in the medium pond (MS), and the lowest one in the reference pond (MK). Others ponds had similar numbers of taxa (Table 5) .
We did not find statistically significant differences between the density of phytoplankton in ponds nor between the density of zooplankton in ponds (Kruskal-Wallis test).
Only in the small pond (MM), we found one teratological specimen of dinophytes -Ceratium hirundinella, with a very short anterior horn. Single teratological specimens of Keratella cochlearis and Polyarthra vulgaris were found in the MM and MS ponds. Both genera belong to the Rotatoria group. Deformations were manifested as short spines for Keratella cochlearis and deformation of blades for Polyarthra vulgaris.
DISCUSSION
There are different opinions about why planktonic organisms exist in aquatic ecosystems Table 4 Percentage contribution of different groups of plankton assemblages and dominant taxa of phyto-and zooplankton. contaminated with heavy metals, but many types of plankton show a negative impact (e.g. Balistrieri et al. 2007 , Wołowski et al. 2008 . Those opinions were based mainly on short-term contamination or shortterm microcosm experiments (e.g. Clement et al. 2004 , Smolyakov et al. 2010a . In contrary, the research conducted by us was based on the ponds that were effected a long time ago, since heavy metals have been trapped in the sediments, which have contaminated the pond ecosystems for almost 100 years. The lack of statistically significant differences in the density of phyto-and zooplankton between the reference pond and the ponds contaminated with heavy metals, showed that long term contamination with heavy metals had no effect on microscopic organisms. Nevertheless, the presence of species resistant to high concentrations of heavy metals, especially in the three ponds (MM-MS-MD) with the highest contamination of Cd, Pb, and Zn might suggest that planktonic communities have adapted to the chronic and persistent heavy metal concentrations (Pawlik-Skowrońska 2002a). Some of algal species identified in this study were listed as taxa characteristic of waters contaminated with heavy metals e.g.: Achanthes cryptocephala, A. minutissima, Amphora veneta, Surirella ovata, Eunotia exigua, Neidium alpinum, Pinnularia borealis, Caloneis bacillum, Euglena gracilis (Vymazal 1995) , as well as Navicula, Nitzschia, and Synedra species. Many of these algal taxa were numerous (or even dominant) in the fishponds. Apart from the diatoms, green algae present in the fishponds were described as species tolerant to heavy metals and high pollution. It seems that algae populations can quite easily adapt to long-lasting contamination. However, there are other factors that may explain the existence of microorganisms inhabiting the contaminated waters, i.e. the presence of high concentrations of Ca and Mg cations. It is known that these cations might reduce the penetration of high amounts of Zn and Pb into the cells (Pawlik-Skowrońska 2002b). Many studies have shown different impacts of Zn and Cd on phytoplankton. Smolyakov et al. (2010a) observed that Zn and Cd in waters may cause a severe decrease in phytoplankton activity. The results of mesocosm experiments, however, also showed that the reproduction of phytoplankton organisms can increase after the initial period of inhibition due to the development of tolerant species, and the prolonged contamination of the reservoir did not necessarily lead to decreases in phytoplankton reproduction (Smolyakov et al. 2010b ). Other observations confirm that the presence of high concentrations of Cu, Zn and Mn in water may induce rather than inhibit the intensive algae growth (Pasternak 1971; Ligęza, Wilk-Woźniak 2011) . Those studies are more similar to our observations, because the density and diversity of phytoplankton in fishponds were the highest in ponds with the highest concentration of Cd, Pb, and Zn, whereas in the pond with the lowest concentrations of these metals, the density and diversity of plankton were the lowest ones.
Apart from metals, which were industrial pollutants, other metals, such as Mn and Fe, were recorded in high concentrations in the ponds, probably because of the surrounding forest producing humic substances as the runoff. Humic substances play a major role in the migration of metals (Linnik 2000) and might be responsible for the changes in their concentration. Our studies confirmed that a high concentration of Fe in the water may also favor the development of blue-green algae, which was reported previously by Burchardt and Pawlik-Skowrońska (2005) . In our study, the highest concentration of Fe in the water in the fourth pond (MDo) was associated with a relatively high density of blue-green algae. Also, other species were numerous in the plankton of MDo, such as Asterionella formosa, Aulacoseira granulata, and Trachelomonas volvocina, which were recognized as resistant to a high concentration of Fe (Vymazal 1995) .
The main difference between the plankton of the fishponds was the pattern of dominance of particular groups. The most characteristic feature of phytoplankton composition were diatoms dominating in ponds with high concentration of Cd, Fe, Pb, and Zn in the water column. Among dominants, Nitzschia and Fragilaria and Asterionella formosa (diatoms) were the most numerous taxa. It is also interesting to note that in one of the contaminated ponds, we observed species from Xanthophyceae. Although Xanthophyceae taxa are very often found in shallow and small ponds, our knowledge about their ecology is very limited. Moreover, some of species are mixed up with green algae (Wilk-Woźniak and Marshall 2009) . Together with a decrease in diatoms, the contribution of green algae increased, especially Desmodesmus species, which are tolerant to many types of contamination (Vymazal 1995 The effect of heavy metals on zooplankton was visible in the composition and the dominants, similar to phytoplankton. Rotifers dominated in all ponds, but the dominance of rotifers is common in freshwater ecosystems, since they are quantitatively more abundant among the three principal zooplankton groups (Sarma et al. 2007a ). However, this group is also known as the least sensitive to pollution (Jak et al. 1996) . They are also variable in aquatic ecosystems with high patchiness of aquatic vegetation (Bielańska-Grajner, Gładysz 2010). It is possible that individuals, which have been living in fishponds belong to clones resistant to negative effects of heavy metals. Sarma et al. (2007a) suggested that resistance or sensitivity to heavy metals, e.g. concentration of Zn might have a positive or negative influence on particular rotifers species. Others groups, such as Cladocera and Copepoda, had a smaller contribution in the total density of zooplankton. It is our opinion that this phenomenon results from the contamination with heavy metals, since both groups are sensitive to heavy metals, especially Cladocera (Sarma et al. 2007b) . Their contribution in zooplankton density increased along with a decrease in metals concentration. The high density and diversity of zooplankton in the smallest (MM) and medium ponds (MS) proved the least impact of heavy metals dissolved in the water on zooplankton, which was similar to the phytoplankton, that is, the adaptation of zooplankton communities to long-lasting contamination. On the other hand, the presence of teratological forms of Ceratium hirundinella (dinophyte), Keratella and Polyarthra (rotifers) might be the result of heavy metal contamination. Krupa (1981) stated that the presence of teratological forms of Ceratium hirundinella in Lakes Bialskie and Piaseczno was caused by depletion of calcium. In the case of our research, depletion of calcium was not a factor which might have been responsible for a teratological form of Ceratium. Teratological forms of rotifers were found in other aquatic ecosystems contaminated with heavy metals (A. Pociecha, unpublished observation). The presence of individual teratological forms confirms adaptation of planktonic communities to the chronic metal contamination.
CONCLUSIONS
• Long-term heavy metal concentrations in fishponds did not affect the phyto-and zooplankton density, but it modified their structure and composition. The phytoplankton in the four ponds containing the contaminated sediments (from the mine ore runoff) was dominated by diatoms and green algae. This might be due to a higher tolerance to heavy metals by some species compared to other species, especially genera of diatoms and green algae. The phytoplankton composition of the reference pond where the sediments were dredged (MK) and did not receive waters from the contaminated Matylda Stream. was different, since Chrysophytes dominated.
• In all ponds, rotifers were the most abundant group of zooplankton; however, in the reference pond (MK) their contribution was less than 90%, and the contribution of Copepoda was the highest among all ponds investigated.
• A small amount of teratological forms was observed among planktonic organisms in ponds with highly polluted sediments and water, which suggested a possible negative effect of heavy metals on planktonic organisms, but on the other hand, we cannot state positively that such a relationship really exists.
• The dominance of less sensitive species confirmed the adaptation of planktonic communities to high levels of metal contamination.
• The largest diversity of phyto-and zooplankton species was observed in ponds with the highest metal contamination (MM, MS). This phenomenon seems to be controlled by stability of the chemical composition of the water rather than the influence of heavy metal concentrations.
• Blue-green algae were relatively numerous in the pond with the high Fe content in water.
• The effects of the long-term sediment contamination with heavy metals are undoubtedly mitigated by the relatively good, overall water quality, with pH over neutral and abundant Ca and Mg ions being the most important factors.
• Our results did not provide clear answers as to how the chronic and persistent contamination of water affected the physiology of the plankton communities, apart from the recovery of plankton composition and the dominance.
